INTRODUCTION
============

Recent estimates suggest that the human and mouse genomes might contain only 20 000 to ∼25 000 protein-coding genes ([@b1],[@b2]), similar to other vertebrates, and only slightly more than the simple nematode, *Caenorhabditis elegans*. It has been suggested that organismal complexity arises from progressively more elaborate regulation of gene expression ([@b3]), and that the basis of eukaryotic complexity and phenotypic variation may lie primarily in a control architecture composed of a highly parallel system of *trans*-acting RNAs that relay state information required for the coordination and modulation of gene expression ([@b4]--[@b6]). Natural antisense transcripts, as a class of *trans*-acting RNAs, have been implicated in many levels of eukaryotic gene regulation including translational regulation, genomic imprinting, RNA interference, alternative splicing, X inactivation, RNA editing, gene silencing and methylation \[for reviews see ([@b7]--[@b9])\]. The majority of natural antisense transcripts are *cis*-encoded and transcribed from the opposite strand of the same genomic loci from their sense counterparts ([@b8]). Recent genome-wide analyses suggest that as much as 15 to ∼22% of the mouse and human transcripts ([@b10]--[@b16]), or even \>40% of human transcripts ([@b17]), might be involved in (*cis*-encoded) antisense transcription. Therefore, it is of great interest and importance to study the mechanism of gene regulation mediated by natural antisense RNAs.

It is well known that both the 5′- and 3′-untranslated regions (5′- and 3′-UTRs) of eukaryotic mRNAs play a crucial role in posttranscriptional regulation of gene expression ([@b18]--[@b20]). However, previous antisense studies show that putative sense--antisense (SA) pairs overlapping at the 3′ ends/3′-UTRs are much more frequent than those overlapping at their 5′ ends/5′-UTRs ([@b10],[@b11],[@b13],[@b21]). It is largely unknown why putative SA pairs predominantly overlap at 3′-UTRs rather than at 5′-UTRs. Is such a bias related with antisense-mediated gene regulation (i.e. antisense regulation)? In this study, we employed a robust protocol ([@b14]) to identify putative SA pairs in the human and mouse genomes, and found similar phenomena in both genomes. We also observed that putative SA pairs overlapping at the 3′-UTRs have a much higher evolutionary conservation rate between human and mouse genomes than do those overlapping at their 5′-UTRs. Our analyses suggest that a null neutral model, evoking differences in the rate of 3′- and 5′-UTR extension, cannot explain these findings alone. Instead, we infer that the function of many putative SA pairs overlapping at their 3′-UTRs are involved in antisense regulation. Our findings imply that 3′-UTRs might be the preferred binding sites of functional SA pairs that are involved in antisense regulation.

MATERIALS AND METHODS
=====================

Identification of transcription clusters in the human and mouse genomes
-----------------------------------------------------------------------

We employed a robust protocol described in our previous study ([@b14]) to identify transcription clusters (i.e. genes) in the human (*Homo sapiens*; an updated version) and mouse (*Mus musculus*) genomes based on the recent versions of databases. In brief, transcription clusters were created based on the mRNA and expressed sequence tag (EST) sequences (downloaded from UniGene ([@b22]) database; human Build \#175; mouse Build \#141) alignments to the relevant genome (human Build 35.1; mouse Build 33.1). The transcript sequences and alignments were filtered stringently to ensure the correct orientation: (i) the mRNA and EST sequences had to have an annotated protein-coding region (CDS), and/or both a poly(A) tail and a poly(A) signal (i.e. a polyadenylation site); (ii) all transcript sequences having suspicious splice sites were discarded. The transcript sequences representing highly abundant and tandem duplicate genes such as immunoglobulins and T-cell receptors were excluded. All transcript sequences aligned to the same genomic locus were assembled into one transcription cluster. After assembly, all clusters that contained only one sequence that did not span an intron were excluded.

Classification of bidirectional transcription cluster pairs
-----------------------------------------------------------

As in our previous study ([@b14]), the transcript clusters were classified according to the transcribed pattern in the genomes. Clusters containing at least one pair of transcript sequences transcribed from opposite strands of the same genomic locus were called 'bidirectional clusters' (BD), while the remaining clusters containing only one-directional transcripts were called 'non-bidirectional clusters' (NBD). We further separated each BD cluster into two new clusters (a cluster pair) based on their overlapping patterns: sense (S) and antisense (A) clusters form putative sense--antisense (SA) pairs with exon overlaps (identity ≥94%), while the sense-like (SL) and antisense-like (AL) clusters form non-exon-overlapping bidirectional (NOB) pairs without exon overlaps.

In our previous study ([@b14]), we defined the S and A or SL and AL genes in each BD gene pair mainly based on a conventional concept \[e.g. ([@b23])\] that the S (or SL) gene should exist in more tissues and/or be expressed at a higher level, and thus would have been detected more frequently (i.e. having more transcript sequences deposited in the expressed sequence databases) than its A (or AL) partner. Nevertheless, there is another (even more) common notion that almost all of sense genes are protein-coding genes whereas antisense genes might be coding or ncRNA ([@b7],[@b8],[@b12]). The fact that \>90% of the defined S (SL) genes in our previous study ([@b14]) are protein-coding genes (i.e. with annotated CDS regions) is in accord with this notion. However, in a few pairs, the defined S (or SL) lacks CDS while the corresponding A (or AL) partner has CDS. Thus, in this study, we revised the previous rules as follows: (i) For the SA (or NOB) pairs in which one member has CDS while the other lacks CDS, define the one with CDS as the S (or SL) and the other as the A (or AL); (ii) For the remaining SA (NOB) pairs, the previous rules ([@b14]) are employed: (a) define the one containing more transcript sequences as the S or SL cluster, the other as the A or AL cluster; (b) if the sequence numbers were the same, define the one with more mRNA sequences as the S or SL cluster, the other as the A or AL cluster; and (c) if their mRNA sequence numbers were still the same, define the one with intron-spanning sequence(s) as the S or SL cluster while the other one without such intron-spanning sequence(s) would be the A or AL cluster. If none of above conditions were satisfied, define the one mapped to the sense strand of chromosome as the S or SL cluster and the other as the A or AL cluster. After such separation, five categories of unique gene clusters were obtained: S, A, SL, AL and NBD.

Besides putative SA and NOB pairs that are bidirectional gene pairs located on opposite strands of the same genomic loci, there is another type of bidirectional gene pairs that are located on opposite strands of neighboring genomic loci within 1000 bp distance and lack gene overlap ([@b24],[@b25]), which we called as neighboring bidirectional (NB) gene pairs. Because putative SA and NOB genes may also form NB gene pairs with their neighboring genes, to avoid NB genes mixed with putative SA or NOB genes, we excluded putative SA and NOB genes from the NB gene pair set for present study.

Classification of subtypes of SA, NOB and NB gene pairs
-------------------------------------------------------

Based on the exonic and genomic overlapping patterns, metazoan putative SA pairs can be divided into three subtypes: 3′-to-3′ (i.e. tail-to-tail exonic overlapping), 5′-to-5′ (i.e. head-to-head exonic overlapping) and embedded (one gene is entirely embedded within the other) putative SA pairs. We observed that \>80% of the 3′-to-3′ and \>65% of the 5′-to-5′ putative SA pairs are solely or mainly overlapping at the 3′- and 5′-UTRs of the sense genes, respectively (in most cases, also overlapping at the relevant UTRs of the antisense transcripts if they are protein-coding genes). Similar phenomena have been observed by Yelin *et al*. ([@b13]) and Veeramachaneni *et al*. ([@b21]). Thus, 3′-to-3′ and 5′-to-5′ putative SA pairs largely represent 3′- and 5′-UTR-targeted putative SA pairs, respectively. Based on the genomic (non-exonic) overlapping patterns, NOB pairs can be divided into three subtypes as well: 3′-to-3′ (i.e. tail-to-tail genomic overlapping), 5′-to-5′ (i.e. head-to-head genomic overlapping) and embedded (one gene is entirely embedded within the other) NOB pairs. Based on the orientation patterns, NB gene pairs can be divided into two subtypes: 3′-to-3′ (i.e. tail-to-tail orientated) and 5′-to-5′ (i.e. head-to-head orientated) NB pairs. However, because most (\>80%) of the NOB pairs belong to embedded NOB pairs and are thus not informative for the present study, we did not perform further analysis on NOB gene pairs. Therefore, only putative SA and NB gene pairs are used in present study ([Figure 1](#fig1){ref-type="fig"}).

Analysis of evolutionary conservation of putative SA pairs in the human and mouse genomes
-----------------------------------------------------------------------------------------

We examined ortholog pairs between mouse and human that were reciprocal best 'hits' (matches) between the two genomes. We combined the ortholog pairs from Mouse Genome Informatics Website (<ftp://ftp.informatics.jax.org/pub/reports/HMD_HumanSequence.rpt>; December 2004) and Ensembl MartView (<http://www.ensembl.org/Multi/martview>; December 2004). By comparing sequence IDs in our mouse and human gene sets with those in the combined ortholog dataset, we obtained 11 931 one-to-one mouse--human ortholog pairs in our datasets. Of these, 347 putative SA pairs in which at least one member has an ortholog in both the human and mouse genomes are conserved in putative SA form in both genomes, and were called HM-conserved putative SA pairs. Owing to the facts that the number of putative SA pairs in the mouse genome (even in the human genome) are significantly underestimated because of the limitation of qualified transcript sequences (M. Sun, L.D. Hurst, G.G. Carmichael and J. Chen, unpublished data), and that many antisense transcripts are ncRNAs that are not included in the human--mouse ortholog databases, the number of HM-conserved putative SA pairs might be seriously underestimated.

A simulation model
------------------

To investigate whether a null neutral model can explain the higher rate of 3′-to-3′ overlapping pairs seen in both mouse and human genomes, we developed a simulation model of the null hypothesis. In this model, we consider the fate of a pair of linked genes A and B, found in the common ancestor of two species. We then consider the evolution of this pair in the two independent lineages and ask how commonly we will find in both lineages that the two genes are overlapping and compare this with the number of occasions on which we would find an overlapping pair in one lineage which is not observed in the second species. The proportion of times that the overlapping pair is found in both species is defined as the conservation ratio. The question we need to ask of the null model is whether this ratio is probable to alter as a function of the relative rates of extension, i.e. do we expect slowly extending 5′-UTRs to have the same ratio as fast evolving 3′ extensions? If we do then the null neutral model is unlikely to account for the above observations of an excess of 3′-to-3′ pairs observed in both species.

In the model we consider the probability per unit time that a pair of genes on opposite strands (either 5′-to-5′ or 3′-to-3′) will extend by 1 U of sequence. This probability is a measure of the extension rate. Both genes are considered separately. We also consider the probability that the two genes might be broken apart by some form of re-arrangement (inversion, translocation and so on). We assume that each gene has a critical length of UTR and that this must be included in the re-arrangement. We additionally assume that following any re-arrangement the gene reverts to using just the necessary UTR parts and not any extensions (which are both neutral and potentially broken by the re-arrangement). When re-arrangement occurs, therefore, we assume that the distance between the genes return on average to what it was prior to the evolution of the neutral extensions to the end. Note that in the null model, overlap of UTRs does not prevent re-arrangement from occuring as the extensions are functionless and hence neutral.

The final important parameter is the distance between the genes. Following re-arrangement this is derived from random sampling from a normal distribution of mean X and standard deviation X/5. We vary X to consider the importance of intergenic distance (IGD). A priori we expect fewer overlaps to evolve when the IGD is big, the extension rate low and the re-arrangement rate high (re-arrangement restarts the growth process). This is confirmed by simulation (data not shown). As 5′-to-5′ and 3′-to-3′ gene pairs need not be equidistant in the common ancestor of our two species, we additionally consider a burn-in period. Here we permit growth and re-arrangement of a linked gene pair. Following re-arrangement we then concentrate on one of the newly linked pairs and so on. From this we can simulate the past history of gene pairs present in the common ancestor that have been linked for some time previously, but not necessarily for all previous time. We find that the distance between the ends of the UTRs of the two genes linearly and negatively co-varies with the extension rate, as might be expected. If the gene pair remained linked in simulation the higher the extension rate the lower the distance between the ends of the genes. If the pair had a past history involving re-arrangement then the distance between the ends of the UTRs will be a function of the time since last re-arrangement and the extension rate. As the time since last re-arrangement is independent of the extension rate, fast extending sequences are physically closer than slow ones.

Note then that in the absence of re-arrangement a high rate of overlapping genes for 3′-to-3′ overlaps might be expected in both lineages, as the common ancestor of the two species may well have had overlapping genes and, if not, the two might independently have grown to overlap. A slowly evolving extension, in contrast, might show the opposite pattern. To understand the dynamics of the model, however, it is necessary to perform the simulation. To this end, after the burn-in we consider the fate of the gene pair. The only distinction now from the burn-in concerns the fate of the re-arranged genes. To have both genes *A* and *B* overlapping in both species, we assume that re-arrangement has not occurred. However, to find a gene pair overlapping in one species but not the other there are several possibilities. First, the pair may have remained linked in both lineages but not overlapping in the ancestor with growth-to-overlap occurring in just one of the two lineages (owing to stochasticity). Alternatively, the pair might ancestrally have been linked and overlapping, but the overlap may have been broken by re-arrangement in one of the two lineages. Alternatively, a pair may not have been overlapping in the ancestor but in the lineage with the re-arrangement one of the two genes (A or B) caught in the re-arrangement might by chance be close to the end of its new neighbor and grow to overlap. The number of possibilities are in fact sizeable.

Note that it is possible in the simulations that one or both lineages might be involved in a re-arrangement. Note too that even if both lineages evolve overlap after a re-arrangement this would still be classified as an incidence of an SA pair observed in one lineage but not the other, for no matter which gene pair one examines, if re-arrangement has occurred, an SA pair in one lineage cannot be overlapping in the other. After a re-arrangement we should in principle analyze both genes (A and B) and their new neighbors. However, on the average, for any given UTR end, a new re-arrangement will leave that end on the same strand as the adjoining gene (i.e. it is the 5′ end of the next gene that is nearest the 3′ end) as often as it is on the opposite strand. SA overlap is only possible in the later configuration. Hence by following the fate of one of the two genes from any given pair we will model the rate of overlapping gene formation. We ran the simulation 10 000 times for 100 time units (each time under multiple different parameter settings).

Investigation of co-expression and inverse expression patterns of putative SA pairs in the human and mouse genomes
------------------------------------------------------------------------------------------------------------------

We evaluated the co-expression and inverse expression of SA pairs at the whole genome level based on their expression profiles obtained from serial analysis of gene expression (SAGE) expression data ([@b26]). The procedure is similar to our established procedures ([@b15]) with some modifications. We downloaded SAGE expression data (NlaIII SAGE libraries) from the NCBI GEO platform for human (<http://www.ncbi.nlm.nih.gov/projects/geo/query/acc.cgi?acc=GPL4>; December 1, 2004) and for mouse (<http://www.ncbi.nlm.nih.gov/projects/geo/query/acc.cgi?acc=GPL11>; December 1, 2004), respectively. For both human and mouse, we constructed 16 tissue-type/cell-type SAGE library combination \[for human: blood, brain, breast, colon, lung, ovary, pancreas, prostate, skin, stomach, embryonic stem cells, eye, liver, muscle, placenta and thyroid; for mouse: adipose tissue, brain, bone marrow, cornea, embryonic carcinoma cells, embryonic stem cells, fibroblasts, granulosa cells, heart, hippocampus, kidney, limb (developing), liver, lymph node, T cells and testis\] to determine co-expression of gene pairs, and constructed 50 comparison cases to determine inverse expression of gene pairs. Tag counts were converted to counts per million and the expression data were cross-linked to our genes by extracting the 3′-most NlaIII SAGE tag for each transcript in the genes (i.e. transcript clusters). Only tags that matched to a single gene were taken into account. All SAGE tags mapped to the same gene were then combined and the sum of their counts per million in a tissue/cell represented the expression level of that gene in that tissue/cell.

To evaluate the co-expression of an SA pair, we adopted an index of co-expression between two genes *a* and *b* (ICE~*a*,*b*~) defined by Lercher *et al*. ([@b27]) that is the number of tissues with common positive expression, weighted by the geometric mean of the two breadths. Note that, unlike the conventional 'Pearson correlation coefficient (*r*)', co-expression in this context refers not to the extent to which levels of transcripts are correlated, but rather to the coupled presence or absence of the transcripts across different tissues or cells ([@b15]). ICE~*a*,*b*~ ranges from 0 (no co-expression) to 1 (perfect co-expression). We define a pair of genes (e.g. the sense and antisense in an SA pair) to be co-expressed if the ICE~*a*,*b*~ ≥ 0.6 in our previous study ([@b15]). In this study, we determined ICE~*a*,*b*~ values for all gene pairs randomly formed in our gene sets, and found that it is higher than the 99% confidence intervals (i.e. *P* \< 0.01) of the average ICE~*a*,*b*~ values of all the possible gene pairs when ICE~*a*,*b*~ ≥ 0.6 in humans or ≥0.5 in mice. Thus, we define two genes (*a* and *b*; e.g. the sense and antisense in a putative SA pair) to be co-expressed if the ICE~*a*,*b*~ ≥ 0.6 in humans or ≥0.5 in mice.

On the basis of our previous study ([@b15]), we set up 50 comparison cases for present study, each of which is a pair of two states (two different unique SAGE libraries) at different developmental, differentiation, physiologic or pathological stages/conditions of the same tissue (data not shown). A given gene with positive expression in at least one of the two states of a comparison case would be recognized as being presented in that case. The presence breadth for each gene is the number of cases in which the gene is presented. To measure inverse-expression pattern in a more quantitative way compared with that described previously ([@b15]), we defined a new index of inverse expression between two genes *a* and *b* (IIE~*a*,*b*~) that is the number of comparison cases (∑*fI*~*ab*,*t*~; *t* runs over all cases) in which the two partners exhibit an inverse expression pattern between two states (i.e. a member is expressed at a higher level at state 1 but a lower level at state 2 compared with its partner and vice versa) and a significantly greater change of the relative expression ratio of gene *a* to gene *b* between two states than expected by chance (i.e. exceeding the 99% confidence interval of the mean changes of all the randomly formed gene pairs), weighted by the geometric mean of the two presence breadths (∑*f*~*a*,*t*~ and ∑*f*~*b*,*t*~; *t* runs over all cases): $$\text{IIE}_{a,b} = \frac{\sum_{t}{fI_{ab,t}}}{\sqrt{\left( {\sum_{t}f_{a,t}} \right)\left( {\sum_{t}f_{b,t}} \right)}}$$ IIE~*a*,*b*~ ranges from 0 (no inverse-expression) to 1 (perfect inverse-expression). Similarly, we define two genes (*a* and *b*; e.g. the sense and antisense in a putative SA pair) to be inversely expressed if the IIE~*a*,*b*~ is higher than the 99% confidence intervals (i.e. *P* \< 0.01) of the average IIE~*a*,*b*~ values of all the randomly formed gene pairs.

The detail list of the 3097 human and 1106 mouse putative SA gene pairs with information of overlapping pattern, evolutionary conservation, co-expression, and inverse expression is in Supplementary Table 1.

RESULTS
=======

Putative SA pairs overlapping at the 3′-UTRs are significantly more frequent than those overlapping at their 5′-UTRs
--------------------------------------------------------------------------------------------------------------------

We employed a robust protocol ([@b14]) to identify putative SA pairs in the human and mouse genomes (Materials and Methods). A total of 27 333 human and 19 100 mouse unique genes were identified, each of which represents a single protein- or RNA-coding gene, of which 22.7% (6194) human and 11.6% (2212) mouse unique genes form 3097 and 1106 putative SA pairs, respectively. We further analyze the overlapping patterns of these putative SA pairs. As shown in [Figure 1](#fig1){ref-type="fig"}, putative SA pairs can be divided into three subtypes based on their overlapping patterns: 3′-to-3′, 5′-to-5′ and embedded pairs. The 3′-to-3′ and 5′-to-5′ pairs largely represent 3′- and 5′-UTR-targeted putative SA pairs, respectively (Materials and Methods). For each gene, we used the entire gene cluster (i.e. including all of the alternative variants of transcripts of the gene) for the overlapping analysis. Thus, our results would not be affected by alternative splicing. If overlapping is a random or stochastic event, one might expect that the number of 3′-to-3′ overlapping SA pairs is equivalent to that of 5′-to-5′ overlapping SA pairs. However, in both genomes, putative SA pairs overlapping at the 3′ ends are significantly more frequent (35.2% versus 21.4% in humans and 47.9% versus 26.8% in mice; i.e. \>1.6 or 1.8 times; *P* \< 10^−4^) than those overlapping at their 5′ ends ([Figure 1](#fig1){ref-type="fig"}). Similar phenomena have been observed in previous SA studies in which different methodologies and data sources were used ([@b10],[@b11],[@b13],[@b21]). In contrast, a reverse pattern was observed in NB gene pairs that are located on opposite strands of neighboring genomic loci within 1000 bp distance but which do not overlap ([Figure 1](#fig1){ref-type="fig"}), as observed by others ([@b24],[@b25]).

Can the 'null neutral' model explain the higher conservation rate of 3′-to-3′ overlapping SA pairs compared with 5′-to-5′ overlapping ones?
-------------------------------------------------------------------------------------------------------------------------------------------

Why do putative SA pairs predominantly overlap 3′-UTRs rather than 5′-UTRs? While this may reflect a preference (under selection) for 3′-UTR binding in antisense regulation, there is a simpler potential explanation, the 'null neutral' model (i.e. the predominant overlaps at 3′-UTRs rather than 5′-UTRs are not under selection related with antisense regulation; instead, it may reflect different freedom of changes in the lengths of 3′- and 5′-UTR sequences). We have observed that the average length of 3′-UTRs has increased significantly from around 300 nt in invertebrates to \>800 nt in mice and humans, whereas those of the 5′-UTRs and of the protein-coding (CDS) regions are roughly constant (∼200 and 1600 nt, respectively) in diverse genomes \[based on reference sequences; see also ref. ([@b18])\], suggesting that 5′-UTR extension is relatively more constrained than 3′-UTR extension. This observation hints that the null neutral model might be upheld. Let us assume two genes start evolving in proximity, but originally do not overlap. From the above evidence we expect evolutionary extension to be predominantly from the 3′ end rather than the 5′ end. Thus, we expect more instances of 3′-to-3′ than 5′-to-5′ overlap, which is observed. Moreover, we expect for NB genes fewer instances of 3′-to-3′ as many of these have evolved into 3′-to-3′ putative SA pairs. This null neutral model hence potentially explains much about the pattern of 3′-to-3′ versus 5′-to-5′ in putative SA and NB pairs ([Figure 1](#fig1){ref-type="fig"}).

But is this model adequate? Such a null model might also predict, all else being equal, that 3′-to-3′ and 5′-to-5′ overlapping pairs should have an equal probability of being conserved as a pair over evolutionary time. Examining 3′-to-3′ overlapping pairs in mice, we find the same pair is found in humans ∼50% of the time, while 5′-to-5′ overlapping pairs in mice are found in humans around only 10% of the time ([Table 1](#tbl1){ref-type="table"}). Why might this be?

One possible explanation for the higher conservation rate of 3′-to-3′ overlapping pairs is that the prevalence of 5′-to-5′ overlapping pairs, and in turn their conservation rate, might be seriously underestimated, owing to the probability that representation of the 5′ ends of transcripts in the databases is not as complete as that of 3′ ends because of either the difficulty in cloning the full length of cDNAs ([@b28]) or 5′-UTRs having a higher possibility of alternative splicing than do 3′-UTRs ([@b29]). If so, we would expect that the differences in prevalence and conservation rate between 3′-to-3′ and 5′-to-5′ overlapping pairs should be much smaller in the subsets of gene pairs in which both partners contain roughly full-length, curated reference sequences (RefSeq), compared with those in the whole gene pair sets in which many genes contain only 3′ EST and/or 5′ end-incomplete cDNA/mRNA sequences. However, we observed the opposite phenomenon: (i) 5′-to-5′ overlapping pairs have a similar rate in both types of pair sets, whereas 3′-to-3′ overlapping pairs are much more enriched in the RefSeq gene pair sets, resulting in the observation that the ratios of 3′-to-3′/5′-to-5′ increase from 1.6 to ∼1.8 in the whole gene pair sets to 2.6 to ∼3.3 in the Refseq gene pair sets ([Figure 1](#fig1){ref-type="fig"} and Supplementary Table 2a), and (ii) the ratios of 3′-to-3′/5′-to-5′ in evolutionary conservation rate are similar in both types of gene pair sets ([Table 1](#tbl1){ref-type="table"} and Supplementary Table 2b). Therefore, the higher conservation rate of 3′-to-3′ putative SA pairs probably cannot be explained by the potential incompleteness of 5′ ends.

Thus, the apparently high conservation rates of 3′-to-3′ overlaps might be consistent with different rates of conservation, i.e. where we assume that the putative SA pair was present in the common ancestor of the two species, but the 5′-to-5′ overlapping pairs are less probable to be retained as overlapping pairs compared with the 3′-to-3′ overlapping pairs, possibly because the 3′-to-3′ pairs are more likely to adopt a function. However, this is by no means the only interpretation. For example, the putative SA pair seen in only one of the two species might not have been present in the common ancestor of the two species and, hence, evolved in one of the two lineages rather than being lost in the other. To investigate this further we developed a simulation model of the null hypothesis. On the basis of the simulation model (Materials and Methods), we show that the null model appears to be an unlikely explanation for the observed magnitude differences in conservation rates between 3′-to-3′ and 5′-to-5′ putative SA pairs.

There are three interacting variables (IGD, extension rate and re-arrangement rate), so to consider the relative effects of each we vary each. The results are displayed in [Figure 2](#fig2){ref-type="fig"} and Supplementary Figure 1. For any given value of the IGD, what is notable is that the plot can be split into three phases. In the first phase (very low extension rates) there are no overlapping genes of any variety. These appear blank on the figures as conservation ratio has no meaning (Supplementary Figure 1a--d and Figure 2a and b). In the second phase, a middling extension rate, the conservation rate is increasing with increasing extension rate. In the third phase, the conservation rate hits a plateau. The smaller the IGD the sooner the plateau is reached and the longer the plateau. In this last phase we see that most instances of an overlapping gene being found in one species, but not the other, is largely owing to re-arrangement breaking up overlapping gene pairs.

To account for the differences between the apparent conservation ratio difference between 3′-to-3′ pairs and 5′-to-5′ pairs, the slow 5′-to-5′ pairs must have an extension rate that sits in this second phase. Were they in the first phase we would not identify overlapping 5′-to-5′ pairs. Were they in the third plateau phase there would be no difference in the conservation ratio for 5′-to-5′ and 3′-to-3′. From visual inspection of the plots it appears to be unlikely that the null model could account for the observations. When the IGD is low, the second phase tends to be a small domain of parameter space. Moreover, to see a 5-fold difference between 5′-to-5′ and 3′-to-3′, the parameter space in this second phase must also be limited to give such a ratio. When the IGD is on the average high, in contrast, the second phase is more extended and the rise to the plateau more gradual. However, it seems that the lowest conservation ratios possible at these high IGDs are all relatively high. Thus, the difference in conservation ratios that are possible is relatively small, especially if the re-arrangement rate is relatively high. Hence, again, a big difference between gene ends of different extension rates is unlikely to explain large differences in apparent conservation rates. These conclusions appear to be robust to permitting differences in re-arrangement rates between the two lineages ([Figure 2a and b](#fig2){ref-type="fig"}), a difference that is probable to be relevant in the mouse--human comparison. Curiously, if one permits large (2-fold) differences in the rate of extension between the two lineages (Supplementary Figure 1d) the conditions under which the null model become valid appear to be broader. However, in the mouse--human comparison any such difference is small as the mean length of mouse and human UTRs is not greatly different: from analysis of the non-redundant UTR database ([@b30]), we find that mouse 3′ regions are on average 978 bases ± 6.5 (N = 19 911) while mean human 3′-UTR length is 988 bases ± 5 (N = 37 135); mouse 5′ is 196 bp ± 5 (N = 18 138), human 5′ 277 bp ± 2 (N = 31 663). On the basis of the simulations alone, we cannot definitively reject the null hypothesis, especially if the re-arrangement rate is especially low (Supplementary Figure 1c) or if there is an important difference in the extension rate in the two lineages. However, a priori then, while we cannot be certain about parameter values, the null model appears to be an unlikely explanation for the observed differences in conservation rates between 3′-to-3′ and 5′-to-5′ putative SA pairs.

Many putative SA genes overlapping at 3′-UTRs might indeed function as sense and antisense pairs for gene regulation
--------------------------------------------------------------------------------------------------------------------

Even were we able to reject the null hypothesis on the above grounds, the evidence presented here, *per se*, does not demonstrate that 3′-to-3′ overlapping genes are functioning as sense and antisense pairs for gene regulation. One might equally well evoke the idea that the 3′ extensions evolve new functions, perhaps to control the rate of mRNA degradation or to control the location of the transcript. However, is there any compelling reason to hypothesize that the overlaps function in antisense regulation? If the conservation of the putative SA pairs is largely attributed to antisense regulation, we would expect that the two partners in conserved putative SA pairs would have high rates of coordinated expression. For overlapping gene pairs involved in antisense regulation, coordinated expression means both co-expression \[i.e. they should be simultaneously expressed (co-expressed) in the same tissue/cell\] and inverse expression, whereby a high level of one transcript, relative to the titre of the other, in a given tissue at a given time, is matched by a relative low titre of the same transcript in the same tissue at different time ([@b7],[@b8],[@b15]). We evaluated the co-expression and inverse expression of SA pairs at the whole genome level based on their expression profiles obtained from SAGE expression data ([@b26]). For both human and mouse, we constructed 16 tissue-type/cell-type SAGE library combination to determine co-expression of gene pairs, and 50 comparison cases to determine inverse expression of gene pairs (for more details see Materials and Methods). Indeed, the rates of co-expression and inverse expression are significantly higher (*P* \< 10^−4^; almost 2-fold) in the conserved than in the non-conserved pairs, and significantly higher (*P* \< 10^−4^) in 3′-to-3′ than in 5′-to-5′ and embedded pairs ([Table 2](#tbl2){ref-type="table"}). Again, such a finding could not be explained either by the null neutral model or by the potential incompleteness of 5′ ends. This finding together with the higher conservation rate of 3′-to-3′ overlaps suggests that 3′-to-3′ overlapping pairs might be more functionally important in antisense regulation than 5′-to-5′ overlapping pairs. As expected, the bias between 3′- and 5′-UTR-targeted putative SA pairs is much more evident in potentially functional SA pairs in terms of antisense regulation (i.e. inversely expressed, co-expressed and especially conserved pairs): the ratio of 3′-to-3′ to 5′-to-5′ increases significantly from 1.6 in the whole putative SA set to 8.5 in the conserved and co-expressed putative SA pair set in humans, and in mice from 1.8 to 9.8 ([Figure 3](#fig3){ref-type="fig"} and [Table 3](#tbl3){ref-type="table"}).

Although the number of ncRNAs have been rapidly expanded and many of them have been suggested to have regulatory functions, probably an even larger number of ncRNAs have not been identified yet ([@b4]--[@b6],[@b31]--[@b33]). Thus, it might be the case that protein-coding SA pairs may represent only a small fraction of RNA regulation events. In our datasets, among the 3097 human and 1106 mouse putative SA pairs, 1953 (63.1%) and 469 (42.4%) pairs, respectively, have at least one member belonging to ncRNA. In fact, as tissue/time-specific expression data (as well as reliable sequence data) for ncRNAs is limited, the aforementioned percentages might be seriously underestimated, especially for the percentages of such ncRNA SA pairs in the sets of inversely expressed, co-expressed and/or conserved SA pairs (as shown in Supplementary Table 3). Nonetheless, we observed a similar pattern in the ncRNA SA pair sets (Supplementary Table 3) to that in the whole SA pair sets ([Table 3](#tbl3){ref-type="table"}), namely that putative SA pairs overlapping at the 3′-UTRs are significantly more frequent than those overlapping at their 5′-UTRs. Thus, there is no intrinsic bias between protein-coding SA pairs and ncRNA SA pairs with regard to the preference of binding at the 3′-UTRs.

DISCUSSION
==========

It has recently been speculated that many important regulatory sequences will differ between species, and are probable to be evolving more rapidly than those encoding analog (protein) components, since their structure--function relationships are less constrained ([@b6]). In agreement with this notion, the majority of human putative SA pairs might not be conserved, even among mammalian genomes \[[Table 1](#tbl1){ref-type="table"} and see also ref. ([@b21])\]. Nonetheless, we demonstrate that many 3′-to-3′ putative SA pairs are probable to have been conserved among mammals ([Table 1](#tbl1){ref-type="table"}) and even among vertebrates that have diverged over 300 million years \[Supplementary Table 4; see also refs. ([@b23],[@b34],[@b35])\]. We have also observed that evolutionarily conserved putative SA genes, especially those in 3′-to-3′ overlapping pairs, are significantly enriched in gene ontology ([@b36]) categories that are essential to cell life, including 'DNA binding', 'nucleotide binding', 'response to DNA damage stimulus' and 'cell growth and/or maintenance' (M. Sun, L.D. Hurst, G.G. Carmichael and J. Chen, unpublished data), in accord with Duret *et al*.\'s observation ([@b34]) in genes containing highly conserved regions. It is reasonable to assume that if 'essential genes' are overlapping in a common ancestor, this overlap is expected to be conserved through evolution regardless of RNA-level (e.g. antisense-mediated) regulation as it will be hard to separate these genes by recombination or by gradual changes in transcription start or stop, particularly if their UTRs contain elements important for posttranscriptional regulation. However, many of these conserved overlapping 'essential genes' are found to exhibit co-expression and inverse expression (i.e. characteristics of antisense regulation) in the human and mouse genomes (data not shown). Thus, it is possible that a portion of the conserved overlapping of 'essential genes' might be related with antisense regulation, i.e. the antisense regulation modes (if any) of the 'essential genes' might be under negative (purifying) selection during evolution because such antisense regulation modes might be also essential to cell life.

Therefore, although the null neutral model may generally explain the preference in initial generation of 3′-to-3′ overlaps compared with 5′-to-5′ overlaps, it is unlikely to explain the significantly higher conservation rates of 3′-to-3′ overlaps, especially when coupled with their enrichment in potentially functional SA pair sets ([Tables 1](#tbl1){ref-type="table"}--[3](#tbl3){ref-type="table"} and [Figure 3](#fig3){ref-type="fig"}). It is possible that the initial generation of gene overlaps is neutral, however, a novel function of antisense regulation might be preferentially added to 3′-to-3′ overlaps, because the 3′-UTR is not under the same rigid structural constraints as the CDS or the 5′-UTRs that need to accommodate the translational machinery ([@b37]), and/or because antisense binding at 3′-UTR of the target gene can avoid the mRNA-clearing activity of the ribosome ([@b38]). Such a novel regulatory mode might initially occur through very limited events with very weak function, and it is free to evolve owing to the greater degree of freedom of 3′-UTRs. If the rapidly evolving regulatory mode acquires a useful function, positive selection can strengthen its functions and allow it to occur in more events/tissues. Once a functional antisense-regulation mode was established, especially when the target gene is essential to cell life, the mode would be conserved under negative selection.

Intriguingly, a remarkable bias towards 3′-UTR-targeted antisense regulation has also been observed in the study of microRNAs (miRNA). miRNAs are endogenous, ∼22 nt RNAs that can play important regulatory roles in animals and plants by antisense base pairing. These RNAs may be considered as *trans*-encoded antisense transcripts, as they are transcribed from a different genomic locus than that of the target gene. Notably, in animals, almost all known target sites for miRNAs are in 3′-UTRs \[for reviews see refs. ([@b38]--[@b41])\]. This bias has also been demonstrated in the candidate target genes of human miRNAs predicted by evolutionary conservation analysis ([@b42]) or suggested by empirical study ([@b43]). Thus, most functional target sites of animal miRNAs reside in the 3′-UTRs, though some may lie in coding regions ([@b42]).

In summary, although it is well known that both the 5′- and 3′-UTRs of eukaryotic mRNAs may play a critical role in posttranscriptional gene regulation ([@b18]--[@b20]), our study together with other studies suggest that both *cis*- and *trans*-encoded putative antisense RNAs prefer to bind at the 3′-UTRs of the potential target genes, and such a feature is highly conserved and potentially related to antisense regulation. While miRNA regulation may act on 3′-UTRs in the cytoplasm, 3′-UTR-targeted SA regulation may occur in the nucleus. In that compartment SA interaction could lead to the formation of double-strand RNAs, activation of RNA editing and nuclear retention of transcripts, modification of chromatin, or other yet obscure consequences ([@b44]). In agreement with this model, Kiyosawa *et al*. ([@b45]) recently observed that not only is antisense expression widespread, but that a large fraction of natural antisense transcripts are both poly(A) negative and restricted to the nucleus. These results serve to illustrate that much remains to be uncovered with respect to not only the extent of antisense regulation, but also with respect to the mechanisms by which antisense regulation may occur. Owing to the potential dominance and functional importance of 3′-UTR-targeted antisense regulation, it is expected that mutations in 3′-UTRs may lead to perturbations of the regulation and further result in '3′-UTR-mediated diseases'. The importance of 3′-UTRs in gene regulation is underscored by the findings that mutations that alter the 3′-UTR can lead to serious pathology ([@b18],[@b37],[@b46]).
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![Classification and comparison of subtypes of putative SA and NB gene pairs. Based on the overlapping pattern, we divide putative SA pairs into three subtypes: 3′-to-3′ (i.e. tail-to-tail overlap), 5′-to-5′ (i.e. head-to-head overlap) and embedded (one gene is entirely embedded within the other) pairs. Based on the orientation pattern, we divide NB gene pairs into two subtypes: 3′-to-3′ (i.e. tail-to-tail orientated) and 5′-to-5′ (i.e. head-to-head orientated) pairs. Indeed, 3′-to-3′ and 5′-to-5′ putative SA pairs largely represent 3′- and 5′-UTR-targeted putative SA pairs, respectively (Materials and Methods). Coding exons are represented by blocks connected by horizontal lines representing introns. The 5′- and 3′-UTRs are displayed as thinner blocks on the leading and trailing ends of the aligning regions. The distributions and comparison of the subtypes in putative SA and NB pairs are shown in the embedded table. Because many antisense genes have only EST sequences, the proportion of 'embedded' putative SA pairs is seriously overestimated here. In fact, a large proportion of the 'embedded' putative SA pairs are also mainly overlapping at the 3′-UTRs of the sense genes (data not shown). Regardless of the 'embedded' pairs, the 3′-to-3′ putative SA pairs have a significantly higher percentage compared with the 5′-to-5′ putative SA pairs in both genomes. In contrast, a reverse pattern was observed in NB gene pairs.](gki852f1){#fig1}

![The proportion of SA pairs found in both lineages in simulation as a function of the extension rate for different values of IGD. For (**a**) the re-arrangement rate per unit time is set to 1/1000 in one lineage and 1/5000 in the other. For (**b**), it is 1/500 in one lineage and 1/1000 in the other. Red lines are for IGD of 10 U, green for 50 U, blue for 75 U, magenta for 100 U and black for 150 U. Only instances in which \>10 overlapping pairs out of 10 000 simulants are incorporated in the analysis.](gki852f2){#fig2}

![Analysis of the ratio of 3′-to-3′ to 5′-to-5′ among different classes of putative SA pair sets. In both genomes, compared with that in the whole putative SA pair set, the percentage of 3′-to-3′ putative SA pairs increases in inversely expressed, co-expressed, and especially conserved putative SA pair sets, while the percentage of 5′-to-5′ putative SA pairs decreases ([Table 3](#tbl3){ref-type="table"}). As a result, the ratio of 3′-to-3′ to 5′-to-5′ pair significantly increases from 1.6 and 1.8 in the whole putative SA set, to 8.5 and 9.8 in the conserved and co-expressed putative SA pair set in the human and mouse genome, respectively.](gki852f3){#fig3}

###### 

Comparison of the evolutionary conservation rates of different subtypes of putative SA pairs in the human and mouse genomes[a](#tf1-1){ref-type="table-fn"}

  Genome   Putative SA subtype   Rate of conservation   Rate of same-overlapping-pattern conservation   Ratio of 3′-to-3′/5′-to-5′ in conservation rate (x2-test)
  -------- --------------------- ---------------------- ----------------------------------------------- -----------------------------------------------------------
  Human    3′-to-3′              24.5% (267/1090)       22.9% (250/1090)                                3.5; 5.4
           5′-to-5′              7.1% (47/664)          4.2% (28/664)                                   
           embedded              2.4% (33/1343)         0.6% (8/1343)                                   (*P* \< 10^−4^; *P* \< 10^−4^)
           whole                 11.2% (347/3097)       9.2% (286/3097)                                 
  Mouse    3′-to-3′              53.6% (284/530)        47.2% (250/530)                                 3.5; 5.0
           5′-to-5′              15.2% (45/296)         9.5% (28/296)                                   
           embedded              6.4% (18/280)          2.9% (8/280)                                    (*P* \< 10^−4^; *P* \< 10^−4^)
           whole                 31.4% (347/1106)       25.9% (286/1106)                                

^a^Note that, all *P*-values far \<10^−4^ are also shown as *P* \< 10^−4^. Rate of conservation refers to the percentage of human or mouse putative SA pairs conserved as putative SA in the mouse or human genome. Rate of same-overlapping-pattern conservation refers to the percentage of human or mouse putative SA pairs conserved as putative SA with the same overlapping pattern (i.e. 3′-to-3′, 5′-to-5′ or embedded) in the mouse or human genome. Owing to the fact that the number of putative SA pairs in the mouse genome (even in the human genome) is significantly underestimated owing to the limitation of qualified transcript sequences (M. Sun, L.D. Hurst, G.G. Carmichael and J. Chen, unpublished data), the rates of conservation and of same-overlapping-pattern conservation of human (probably also mouse) putative SA pairs might be seriously underestimated.

###### 

Comparison of the rates of co-expression and inverse expression between different putative SA pair sets[a](#tf2-1){ref-type="table-fn"}

  Putative SA pair set                                           Human                          Mouse                                                         
  -------------------------------------------------------------- ------------------------------ ------------------------------ ------------------------------ ------------------------------
  Conserved                                                      60.8% (211/347)                51.9% (180/347)                56.8% (197/347)                44.4% (154/347)
  Non-conserved                                                  34.9% (961/2750)               28.5% (784/2750)               32.4% (246/759)                28.7% (218/759)
  x2-test                                                        *P* \< 10^−4^                  *P* \< 10^−4^                  *P* \< 10^−4^                  *P* \< 10^−4^
  3′-to-3′                                                       51.5% (561/1090)               41.9% (457/1090)               55.3% (293/530)                44.2% (234/530)
  5′-to-5′                                                       34.2% (227/664)                29.2% (194/664)                28.7% (85/296)                 26.7% (79/296)
  embedded                                                       28.6% (384/1343)               23.3% (313/1343)               23.2% (65/280)                 21.1% (59/280)
  x2-test (3′-to-3′ versus 5′-to-5′; 3′-to-3′ versus embedded)   *P* \< 10^−4^; *P* \< 10^−4^   *P* \< 10^−4^; *P* \< 10^−4^   *P* \< 10^−4^; *P* \< 10^−4^   *P* \< 10^−4^; *P* \< 10^−4^

^a^Note that, all *P*-values far \<10^−4^ are also shown as *P* \< 10^−4^. The co-expressed putative SA pairs were defined as those in which the two partners are coordinately expressed in the same tissues more often than expected by chance; the inversely expressed putative SA pairs were defined as those with both an inverse expression pattern between two partners and a significantly greater change of the relative expression ratio of sense to antisense between two states of the same tissues than expected by chance; the conserved putative SA pairs are the pairs conserved as putative SA form in both human and mouse genomes. See Materials and Methods for more details.

###### 

Comparison of subtype proportions in different putative SA pair sets[a](#tf3-1){ref-type="table-fn"}

  Putative SA pair set              Genome   Total pairs   3′-to-3′ (percentage)   5′-to-5′ (percentage)   Embedded (percentage)   Ratio of 3′-to-3′/5′-to-5′ (x2-test)
  --------------------------------- -------- ------------- ----------------------- ----------------------- ----------------------- --------------------------------------
  The whole                         Human    3097          1090 (35.2)             664 (21.4)              1343 (43.4)             1.6 (*P* \< 10^−4^)
                                    Mouse    1106          530 (47.9)              296 (26.8)              280 (25.3)              1.8 (*P* \< 10^−4^)
  Inversely expressed               Human    964           457 (47.4)              194 (20.1)              313 (32.5)              2.4 (*P* \< 10^−4^)
                                    Mouse    372           234 (62.9)              79 (21.2)               59 (15.9)               3.0 (*P* \< 10^−4^)
  Co-expressed                      Human    1172          561 (47.9)              227 (19.3)              384 (32.8)              2.5 (*P* \< 10^−4^)
                                    Mouse    443           293 (66.1)              85 (19.2)               65 (14.7)               3.5 (*P* \< 10^−4^)
  Conserved                         Human    347           267 (77.0)              47 (13.5)               33 (9.5)                5.7 (*P* \< 10^−4^)
                                    Mouse    347           284 (81.8)              45 (13.0)               18 (5.2)                6.3 (*P* \< 10^−4^)
  Conserved & inversely expressed   Human    180           145 (80.6)              21 (11.6)               14 (7.8)                6.9 (*P* \< 10^−4^)
                                    Mouse    154           134 (87.0)              17 (11.0)               3 (2.0)                 7.9 (*P* \< 10^−4^)
  Conserved & co-expressed          Human    211           178 (84.4)              21 (9.9)                12 (5.7)                8.5 (*P* \< 10^−4^)
                                    Mouse    197           176 (89.4)              18 (9.1)                3 (1.5)                 9.8 (*P* \< 10^−4^)

^a^Note that, all *P*-values far \<10^−4^ are shown as *P* \< 10^−4^. The co-expressed putative SA pairs were defined as those in which the two partners are coordinately expressed in the same tissues more often than expected by chance; the inversely expressed putative SA pairs were defined as those with both an inverse expression pattern between two partners and a significantly greater change of the relative expression ratio of sense to antisense between two states of the same tissues than expected by chance; the conserved putative SA pairs are the pairs conserved as putative SA form in both human and mouse genomes. For more details see Materials and Methods.
